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Abstract This investigation of three Abies alba stands
differing in stem density (338–715 per ha) and vertical
structure (one-storeyed or multi-layered) explored the
relations between distance from neighbouring tree stems
and local canopy openness and selected topsoil properties.
The null hypothesis was that in relatively densely stocked
forests of close–random stem distribution topsoil mor-
phology, pH and moisture do not differ in inter-crown and
under-crown patches. In three plots 1.1 ha in area, soil
samples were taken in a square grid 5.0 9 5.0 m and
analysed using semivariogram estimation and spatial
autocorrelation. The local configuration of trees around the
sampled locations was characterised using hemispheral
photography and a local stand density index based on tree
locations and diameters. The largest portion of the total
variation in the soil variables analysed (68–100%) was
attributable to small-scale variation in scales \5 m. In all
stands, irrespective of density and vertical structure, local
stand density/canopy openness correlated positively/
negatively with ectohumus layer thickness but negatively/
positively with upper soil pH and moisture. Variation in the
local configuration of trees explained up to 17% of the total
variation in organic horizon thickness, up to 22–29% in
topsoil pH (depending on the horizon) and up to 19–27% in
topsoil moisture. The results indicate that even in stands of
random tree patterning, stem neighbourhood and small-
scale variation in canopy density may contribute signifi-
cantly to topsoil heterogeneity and potentially affect the
functioning and structure of forest floor vegetation.
Keywords Forest soils  Micro-site  Soil heterogeneity 
Ectohumus layer  Soil water dynamics  Spatial
dependence
Introduction
Environmental variability can occur over various spatial
scales, ranging from micrometers, to small patches at the
scale of individual plants to long gradients over hundreds
of metres (Ehrenfeld et al. 1997; Totsche et al. 2010). In
forested ecosystems, one important source of micro-site
heterogeneity is the distribution of trees and their organs in
the above- and belowground space. Such tree patterning
determines the light and thermic conditions in forest inte-
riors (e.g. Canham et al. 1994; Parker 1997), modifies the
amount and chemical properties of through fall (Whelan
et al. 1998; Morris et al. 2003; Staelens et al. 2006) and
spatially diversifies the amount of litterfall (Hirabuki
1991), rhizodeposition (Weintraub et al. 2007) and carbon
input by root litter (Tingey et al. 2005).
The majority of studies carried out to date have focused
on heterogeneity at micro-scales that are not applicable to
forest practice (Farley and Fitter 1999; Yang et al. 2006) or
on indicating differences between closed forests and rela-
tively large, newly created gaps in an area of at least a few
hundred m2. The latter research has suggested that large
gaps are characterised not only by more advantageous light
conditions but also by more rapid decomposition of organic
matter (Zhang and Zak 1995), moister topsoil (Plussi et al.
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1971; Sanesi and Sulli 1973; Collins and Battaglia 2002), a
greater concentration of nutrients in soil solution (at least
up to depletion of the forest floor storage) (Mlandenoff
1987; Bauhus 1996) and a minor density of tree roots
(Parsons et al. 1994a, b). However, there is still little
known about micro-site heterogeneity in stands that exhibit
rather random distribution of trees, in spite of frequent
occurrence of such structures in forest ecosystems. This
void stems partly from the belief that in stands having only
a slightly loosened canopy and gaps no larger than the
crowns of several trees, micro-site diversity is little and
heterogeneity attributable to the influence of single trees is
negligible, except perhaps for single attributes like stem
flow (Koch and Matzner 1993; Neary and Gizyn 1994).
Nevertheless, Kern (1966), Bouten et al. (1992) and
Keim et al. (2005) have documented a significant relation
between a vertically downward projected canopy structure
and rain through fall distribution. Moreover, at the within-
stand level, differences between the chemical properties of
through fall have been found and spatially linked to the
crown positions (Beier et al. 1993; Whelan et al. 1998).
The investigations by Hirabuki (1991), Bartsch et al.
(2002) and Penne et al. (2010) also provide evidence that
the amount of woody debris is significantly higher under
tree crowns than in inter-crown gaps. This small-scale
variability of the amount and chemical properties of
through fall and litter fall may apparently affect the
decomposition rate of organic matter and thus appreciably
influence ectohumus layer thickness and topsoil properties
(Zinke 1962; Boettcher and Kalisz 1990; Pallant and Riha
1990). Additionally, the belowground heterogeneity of
stands may be elevated by clumped distributions of roots
and the resulting heterogeneity in water and nutrient uptake
and release of protons (Ruark and Zarnoch 1992; Oliveira-
Carvalheiro and Nepstad 1996; Partel and Wilson 2002).
Proximity to trees may also influence the functions and
diversity of soil micro-organism communities (Simard
et al. 1997; Frankland 1998) and influence the species
composition of forest floor vegetation (Paluch 2005a, b).
Hence, distance from the tree stem appears to be a factor
with considerable potential to contribute to topsoil heter-
ogeneity even in relatively uniformly stocked stands.
Close–random distribution patterns of canopy trees are
characteristic for a wide range of silvicultural systems
using natural regenerative processes (e.g. shelter wood
method or selection system). Over-dispersed patterns of
regeneration are a common phenomenon despite the spatial
homogeneity of the stand structure in such forests (Mazur
1989; Paluch 2005a, b). The success of natural regenera-
tion partly depends on the properties of the upper soil
horizons (Shelton 1995; Simard et al. 1998), which con-
dition seed germination, root development, and establish-
ment of relations with soil micro-flora and determine the
availability of water and nutrients. Therefore, recognising
spatial variation in topsoil properties and its relation to
stem distribution may contribute to an understanding of the
mechanisms that form non-random spatial patterns of
regeneration in evenly stocked forest stands as well.
The present study was carried out in three mature stands
of Abies alba that grow in similar site conditions but differ
in stand density and vertical structure. This species pos-
sesses a range of features that made it particularly suitable
for our study: compact above-ground architecture, a con-
siderable interception (27–80%, Otto 1994), needles that
decompose with difficulty (Otto 1994, litter C/N about 24,
Augusto et al. 2002; Niewinna 2010), negligible stemflow
(coarse bark, crowns that conduct water towards the
periphery). In addition, Abies alba mostly occurs on
slightly acidified soils, what should facilitate the formation
of pH gradients in the topsoil. The objective was to char-
acterise the within-stand variability of three universal
determinants of forest floor vegetation dynamics, i.e., the
humus layer thickness, topsoil pH and moisture, and to
assess to which extent this heterogeneity is attributable to
the ‘‘stand density’’ factor, derived from local canopy
density or distance from neighbouring tree stems. The
‘‘null’’ hypothesis was that in Abies alba stands, given a
wide range of stand densities and vertical structures, the
topsoil near and far away from the stem basis will not differ
in humus layer thickness, topsoil pH and moisture.
Methods
Study sites
From among the few stands included in a research project
on regenerative processes in silver fir forests in the West
Carpathians (southern Poland), two pure, one-storeyed
stands aged about 90 years with contrasting stem density
and basal area (338 stems/ha and 34 m2/ha in the OS-I
stand and 700 stems/ha and 49 m2/ha in the OS-II stand)
and one, also mono-specific, multi-layered stand with a
poor regeneration layer (hereafter, MS, 715 stems/ha,
35 m2/ha, with trees aged between 20 and 160 years) were
selected for this study. The terrains in which the study was
conducted were continuously forested. All the stands
originated from natural regeneration (a shelter wood sys-
tem in the OS-I and OS-II stands, an extensive single-tree
selection system in the MS stand) and had not undergone
intensive silvicultural treatments for the past few decades.
According to local management plans, the species com-
position of the stands studied has not changed in 50 years,
although the elimination of potentially co-occurring
broadleaved species (e.g. Fagus sylvatica L.) by silvicul-
tural operations seems probable in an earlier stage of
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development. Between-crown gaps in the more loose OS-I
stand probably originated already in young age (e.g. as
effect of snow or wind damages), because stumps after
fallen trees are difficult to find.
The lower montane belt zone studied here has a growing
season of ca 195 days, an average annual temperature of
7C and annual precipitation of 900, 600 mm of which
occurs between April and September (Hess 1965). The
selected stands were situated on western slopes (mid-slope
positions) of inclination 3–5 (OS-I and OS-II stands) and
10–15 (MS stands). The stands grew on loamy, moder-
ately stony (sandstone fragments 20–30 cm below the soil
surface), eutric cambisols (IUSS Working Group, WRB
2007) developed from Flysh sediments (marlstones, sand-
stones and shales) with the cambic horizon depending on
the stand between 23–29 and 57–68 cm from the soil
surface and the bedrock horizon below 95–110 cm. The pH
(in H20) increased from 4.0 to 4.4 in the humic horizon up
to 6.5–7.2 at the bottom of the profiles. At the depth
between 20 cm and continuous rock, base saturation
(CH3COONH4) ranged between 51 and 67%. In the OS-II
stand, about 60 cm below the soil surface, clay content
increased and a gleyic colour pattern occurred.
The forests represented the association Dentario
glandulosae–Fagetum abietosum (Matuszkiewicz 2001).
The share of F. sylvatica L. and other less indicative tree
species has probably been artificially reduced by man. The
herbaceous vegetation layer was multi-species, with a
common occurrence of Dentaria glandulosa W. K.,
Dryopteris filix-mas (L.)Schott., Dryopteris dilatata
(Hoffm.) A. Gray., Galeobdolon luteum Huds., Galium
odoratum (L.) Scop., Lysimachia nemorum L., Rubus
hirtus Waldst. & Kitt. Agg. The moss layer was dominated
by Mnium sp. The under-storey was represented by single
individuals of Lonicera nigra L shrubs. There were no
grounded deadwood logs within the study plots.
Field work
To recognise stand-level (and not only tree-level) vari-
ability in topsoil properties, the investigation was carried
out on relatively large research plots 1.1 ha in area. In
every stand, records were made of the stem coordinates
(exact to 0.1 m, using a compass and an ultrasonic distance
meter) and the diameters at breast height of all live trees
above 6.9 cm in diameter. The MS stand also provided data
on stump coordinates, stump diameters at 30 cm in height
and decay classes (A—recently harvested stumps with
slightly decomposing but still compact wood; B—old
stumps or their remnants in advanced decay, supposedly
recognisable up to about 40 years after the respective tree
was cut down). These data were used to retrieve coordi-
nates and diameters at breast height (via the formula given
by Bruchwald et al. 2002) of trees cut down over the past
few decades. Subsequent spatial analysis (using the nearest
neighbour method, Diggle 1983, pp. 16–20) revealed that
the trees were randomly distributed in all the stands
studied.
Canopy openness above the grid points (i.e. the fraction
of open sky unobstructed by vegetation in a specified
region of the canopy) was characterised based on hemi-
spheric images. All these photos were taken in overcast
conditions from 1.2 m above the ground using a Nikon
E4500 camera with a Nikon FC–E8 fisheye converter fixed
on a tripod and a universal O-mount with a northfinder
(Re´gent Instruments Inc., Canada).
Soil samples were taken in a square grid 5.0 9 5.0 m
that excluded an outer buffer zone 10 m wide (used to
calculate the stand density indices). Shallow soil pits
(242–265, depending on the stand) were dug at the grid
points (5.0 9 5.0 m) except in locations that exhibited
atypical characteristics like windthrow pits or old logging
trails (below 5% of all the grid points), and the depth of the
morphological horizons was measured with a ruler on the
undisturbed pit profile exact to 0.5 cm. Soil samples were
collected in plastic bags from the mineral humic (hereafter,
A) horizon (about 6–8 cm), as well as from the underlying
horizon down to 20 cm (hereafter, the AB horizon). All
soil samples collected were marked and transported to a
refrigerator where they were kept at -3C until laboratory
analysis began. The soil sampling from all the grid points
was completed within 36 h. The soil samples were col-
lected during July–August 2005 (OS-I and MS) and 2006
(OS-II) in periods when no precipitation had occurred for
1–2 weeks.
To provide insight into the dynamics of water content in
the topsoil under different local stand density conditions
over the growing season, two soil dielectric aqua meters
(length 20 cm, model EC–20 ECHO Decagon Devices,
Inc., USA) were installed in every stand in a small gap
about 50 m2 in area: one in the centre and one 5–6 m away,
1 m off from a neighbouring fir’s trunk. In spite of similar
openness for the entire hemisphere, the points at which
sensors were installed differed significantly in the canopy
openness determined for the zenith rings of 0–10
(0.55–0.72 and 0.03–0.11, respectively). Between 1 May
and 30 September 2007, 12–13 measurements of volu-
metric water content were registered both in drying and
rewetting conditions.
Laboratory analysis
Rather than the soil samples being sieved, the macroscopic
roots and stony material were removed manually before
weighing. Soil pH determination was carried out using a
soil-solution suspension of 10 g of mineral soil (5 g for the
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organic material) and 50 ml of 0.01 M CaCl2 solution.
After a 24-h equilibration, the pH was measured poten-
tiometrically with a combination electrode (ROSS Ultra,
Thermo Scientific, USA).
Soil moisture content was calculated on the basis of
oven-dry sample weight. About 20–50 g of the soil was
placed in a metal box, weighed, put into an oven to dry at
105C for 24 h, cooled to room temperature (in a desic-
cator) and then weighed again. Soil moisture could then be
calculated from the mass lost.
Calculation of canopy openness and local stand density
Analysis of the hemispheric photos was carried out with
the WinSCANOPY Pro 2006a program (Re´gent Instru-
ments Inc., Canada) using the manufacturer’s camera and
lens specifications. Here, the manual pixel classification
method based on grey levels proved the most effective
(with thresholds of about 250 on a 0–255 grey level scale).
Because the gaps were rather small, determining canopy
openness for a ring given by the zenith angle 0–10
appeared sufficient to properly characterise canopy closure
above the grid points while still avoiding strong spatial
correlation (as indicated by the variogram analysis). Spe-
cifically, assuming a stand height of about 30 m, this set-
ting allowed capture of the canopy closure in a radius
5.3 m (ca 90 m2) around the grid points.






where LSDi denotes the local stand density at a given point
i (and is expresed in dimensionless units), the summation is
over all n trees in the stand, Dj is the breast height diameter
of the j-th tree (in cm), uij is the distance (in m) between the
j-th tree and point i, and f is the influence function. In a
preliminary exploration using a threefold cross-validation
technique, we tested different forms of influence functions
(linear, concave or convex) and a range of distance- and
(tree) diameter-scaling parameters on the power of LSD as
a potential predictor of the topsoil characteristics under
study (Paluch 2008). The analysis showed that (1)
parameter values resulting in impact zones that were
approximately smaller than the crown widths or larger than
the doubled crown widths reduced the proportion of the
explained variation, (2) the shape of the influence function
(linear, concave or convex) had only a slight effect, and the
linear influence function produced the best or almost the
best results and (3) the proportion of the explained
variation might be maximised if the diameter to the
power of n, n 2 0:5; 1:5h i; was incorporated into the
influence function, although differences in the order of a
few per cent occurred between stands and between soil
variables. Here, for simplicity, a linear form of the
influence function f was used:
f ðDj; uijÞ ¼ Dj  cuij if uij\uj0 otherwise;

where c = 8 and uj ¼ c1Dj. For these settings, the
potential for trees decreased linearly with increasing dis-
tance and decreasing diameter, while the zone of influence
ranged between one- and twofold crown width. In the MS
stand, LSD was also calculated for removed trees, with two
separate calculations for the two stump decay classes, A
and B.
Statistical and geostatistical analysis
The set of soil variables included the O horizon depth, the
A and AB horizon pH, the content of hydrogen ions in the
A and AB horizon (10-pH) and the mineral topsoil mois-
ture. The coefficients of variation (CV) were computed for
all soil variables, and the differences in the corresponding
variances were tested using Brown and Forsythe’s exten-
sion of Levene’s test. The relations between the soil vari-
ables were explored in scatter plots and, if relevant to this
discussion, expressed as Pearson correlation coefficients.
The spatial patterning of the soil variables, local stand
density and canopy openness were characterised using
variography (semivariogram estimation) and spatial corre-
lation. The semivariogram represents dissimilarity or var-
iance, while the spatial autocorrelation measures similarity
and provides a means for testing the significance of the
spatial pattern. Because we found no evidence of anisot-
ropy or non-stationarity, the spatial analyses assumed
omni-directional spatial dependence. Semivariograms were
calculated for distance classes of 5 m using the robust
estimator recommended by Cressie (1993, p. 40). Spherical
variogram models were then fitted to the empirical vario-
grams using a weighted least squares estimation. The
smoothed variance of the soil variables was decomposed
into two components: small-scale variation (with a range
smaller than the grid spacing) plus the measurement error
(to give a so-called nugget effect) and the meso-scale
variation (with a range, if one existed, larger than the grid
spacing) referred to as a sill (Cressie 1993). The strength of
the spatial dependence was determined by subtracting the
nugget from the sill, dividing the difference by the sill and
expressing the value as a percentage. Spatial autocorrela-
tion was estimated using Moran’s index (Moran’s I), whose
values were tested for significance using permutation tests
(n = 4,999 permutations). Since multiple tests of auto-
correlation were performed on each dataset, the P value
was adjusted using the Bonferroni correction.
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Because preliminary exploration showed that the rela-
tions between the soil variables and the stand density
measures used can be approximated linearly, these asso-
ciations were assessed using simple Pearson coefficients of
correlation and slope and intercept coefficients of regres-
sion. Multiple regressions were used to assess whether
inclusion of variables describing the location of trees
removed in the past (from the MS stand data) increases the
models’ predictive power. In many cases, the soil variables
deviated slightly from a Gaussian distribution and dis-
played spatial dependence, which excluded any usage of
conventional statistical procedures. Therefore, the coeffi-
cients of correlation were tested for significance using
Monte Carlo permutation tests (4,999 simulations), and the
coefficients of regression were determined as averages
from 4,999 bootstrap samples. In ordinary bootstrapping
techniques, an empirical distribution gives bootstrap sam-
ples via random sampling, from which bootstrap replica-
tions of a statistic of interest is calculated. In the present
analysis, to avoid problems with spatial correlation of data,
instead of simple permutation or bootstrapping, a moving
blocks method (block length = 5 m) was used in which no
single grid points but blocks of four adjacent grid points
were selected (Efron and Tibshirani 1993). The coefficient
of determination (i.e. R2) was used as an estimate of the
percentage of the total variation in topsoil properties that
might be explained by variation in stand density (i.e. LSD
or canopy openness). The analysis was performed using R
statistical software, version 2.8.1 (R Foundation for
Statistical Computing 2008), and Statistica, version 8.0
(StatSoft, Inc.).
Results
Spatial variation of stand density
In the OS-I, OS-II and MS stands, the CVs for local stand
density amounted to 0.50, 0.44 and 0.65, respectively. For
canopy openness, the values were higher: 0.94, 1.28 and
1.44, respectively. The distributions of local stand density
and canopy openness are illustrated in Fig. 1. As shown in
Fig. 2, the canopy openness and LSD were characterised
by significant positive spatial correlation at a scale of 5 m
and the latter variable, in one-storeyed OS-I and OS-II
stands, also by a negative correlation at a scale of 10 m.
This finding indicates small-scale gradients in spatial
structure for canopy openness and LSD. In all stands, LSD
was negatively correlated with canopy openness, with the
coefficients of correlation being -0.47, -0.37 and -0.46
in the OS-I, OS-II and MS stands, respectively.
Spatial variation of soil characteristics
In the OS-II and MS stands, among the soil variables
analysed, the highest variation occurred in the depth of the
organic horizon (CV 0.59 and 0.89, respectively, Table 1),
which varied between 0.5 and 10.0 cm. In the OS-I stand,
the range of the O horizon thickness was similar
(0.5–9.0 cm), but the CV was smaller than in the OS-II and
MS stands (0.39, P \ 0.001 in both cases) and comparable
to the values for the A horizon depth, hydrogen-ion con-
centration or A horizon moisture in that stand. In the OS-II
and MS stands, in contrast to other soil variables, the dis-
tribution of the O horizon depth deviated significantly from
the Gaussian: in the first, the mode was markedly shifted to
the left and the distribution had a long right tail, while in
the second, the distribution was reversely J shaped, with
the mode at the thin ectohumus layer values (about
0.5 cm). The O horizon depth in the OS-I stand, like other
soil variables in this and the remaining stands, was char-
acterised by a bell-shaped distribution.
The CVs for the hydrogen-ion concentration in the A
and AB horizons did not differ markedly (Table 1). In the
dense OS-II stand, variation in the hydrogen-ion concen-
tration was higher than in the less dense OS-I stand
(P = 0.03 and 0.02 for the A and AB horizons, respec-
tively) but lower than that in the multi-layered MS stand
(P \ 0.001 for both horizons). The O horizon depth was
negatively correlated with pH in the A and AB horizons,
with the coefficients of correlation ranging between -0.23
and -0.44 (all significant at the 0.05 level).
Fig. 1 Distributions of local
stand density (LSD) and canopy
openness. For a description of
the terms, see the ‘‘Methods’’
section
Eur J Forest Res (2012) 131:857–870 861
123
In all stands, the moisture determined gravimetrically
decreased with soil depth (Table 1). The differences
between the A and AB horizons were in the range of
12–17%. If the bulk densities of the horizons were con-
sidered (0.72–0.86 g cm-3 in the A horizons and
0.94–0.98 g cm-3 in the AB horizons), the differences
decreased up to a level of 6–8%. No significant relations
emerged between the O and A horizon depth and mineral
topsoil moisture, and the variation in topsoil moisture was
comparable in all stands. However, the CVs were higher in
the A horizon than in the AB horizon.
Irrespective of the soil variables, the largest part of the
total variation was the small-scale variation at lags \5 m.
The spatial dependence for larger lags accounted for 0–32%
of the total variation in the O horizon depth, 12–27% of the
total variation in the A and AB horizon pH and 8–20% of
the total variation in the A and AB horizon moisture
(Table 2). The spatial dependence in the O horizon thick-
ness and pH levels for both horizons tended to be stronger in
the multi-layered MS stand than in the one-storeyed OS-I
and OS-II stands. In the case of the O horizon depth and A
horizon moisture, the spatial dependence was weaker in the
more dense OS-II stand than in the OS-I stand (Table 2).
We found no substantial anisotropy in the spatial data. In
most cases, the differences in small-scale (\5 m) semi-
variances calculated in the slope line and perpendicular
direction were negligible (below 5%), and the deviances
occurred in the both directions (results not illustrated).
However, in the MS stand, the small-scale semivariance in
the slope line was 18 and 20% lower for A and AB horizons,
respectively, than in the perpendicular direction. For larger
distances, these differences disappeared.
The scale of the spatial dependence revealed by the
variography varied considerably between the stands and
soil variables, ranging from 8.5 to 41.4 m (Table 2; Fig. 3).
However, the permutation tests performed at the conven-
tional 0.05 level failed to satisfy global significance (i.e.
with the P value adjusted using the Bonferroni correction)
of the spatial autocorrelation in the dense OS-II stand for
all soil variables and in the OS-I stand for A horizon pH
(Fig. 4). As shown in Fig. 4, in all the statistically signif-
icant correlograms, the spatial correlation decreased with
increasing distance, and no periodicity was revealed in the
spatial scale investigated.
Fig. 2 Spatial correlograms of
local stand density (LSD) and
canopy openness. The
blackened marks denote
significant values at a corrected
level of 0.05/10 = 0.005
Table 1 Soil sample characteristics
Characteristics OS-I OS-II MS
Sample size 242 256 265
O horizon depth (cm)
Mean 2.9 3.6 1.9
CV 0.35 0.59 0.89
A horizon depth (cm)
Mean 6.3 6.0 8.2
CV 0.43 0.36 0.36
A horizon pH (CaCl2)
Mean 3.2 3.3 3.8
CV 0.04 0.06 0.09
A horizon H concentration (mol dm-3)
Mean 6.49 9 10-4 4.98 9 10-4 1.95 9 10-4
CV 0.29 0.37 0.58
AB horizon pH (CaCl2)
Mean 3.4 3.6 3.9
CV 0.04 0.05 0.10
AB horizon H concentration (mol dm-3)
Mean 4.31 9 10-4 2.92 9 10-4 1.68 9 10-4
CV 0.30 0.39 0.68
A horizon moisture (%)
Mean 43 63 37
CV 0.40 0.27 0.28
AB horizon moisture (%)
Mean 27 46 25
CV 0.20 0.16 0.23
Table 2 Strength (in %) and range (in m, in brackets) of the spatial
dependence of topsoil properties determined from the spherical
semivariograms shown in Fig. 3
Characteristics OS-I OS-II MS
O horizon depth 17 (14.5) 0 (-) 32 (35.9)
A horizon pH 13 (10.1) 12 (10.0) 23 (10.7)
AB horizon pH 12 (10.7) 14 (41.4) 27 (13.2)
A horizon moisture 16 (30.7) 8 (8.5) 15 (23.4)
AB horizon moisture 16 (14.0) 14 (17.1) 20 (12.5)
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Seasonal variation in topsoil moisture
The variation in topsoil moisture did change over the
growing season. Although the soil moisture in the gaps was
higher than in the proximity of tree trunks during the entire
period (Fig. 5), the smallest differences between these
locations were found at higher water content levels, that is,
in the spring and/or after heavy or long-lasting precipita-
tion. However, during drying periods, when topsoil mois-
ture decreased, the differences deepened. The higher water
content in the OS-II stand, which remained throughout the
entire growing season, is mainly attributable to higher clay
content in the soil on that site and probably micro-site
conditions as well.
Relation between stand density and topsoil
characteristics
In all stands, local stand density and canopy openness were
associated with the topsoil variables analysed (Table 3).
Specifically, as stand density increased (and canopy
openness decreased), ectohumus layer thickness increased
and topsoil pH and moisture decreased. Examples of these
relations for each soil horizon are illustrated in Fig. 6.
Additionally, the percentage of the total variation in topsoil
properties, which might be explainable by variation in
stand density, differed among stand density measures
(i.e. LSD or canopy openness), stands and, to a much lesser
degree, soil characteristics. In the MS stand, the associa-
tions were closer for LSD than for canopy openness. The
same tendency was found in the looser OS-I stand
(Table 3) except for topsoil moisture whose correlation
with canopy openness was stronger than that with LSD. In
the dense OS-II stand, however, the O horizon depth and
topsoil moisture correlated more strongly with canopy
openness than with LSD.
The coefficients of determination (R2) indicated that
variation in the canopy openness explained between 3 and
8% of variation in the O horizon thickness, between 6 and
12% of variation in the topsoil pH (inclusive of hydrogen-
ion concentration) and between 4 and 21% of variation in
the topsoil moisture. If stand density was expressed by
LSD, the corresponding values ranged between 3 and 11%
of the variation in O horizon thickness, between 7 and 29%
Fig. 3 Empirical variograms of
the soil variables analysed and
the fitted spherical models. For
better discernability, data from
the OS-I stand for pH and
moisture in the AB horizon are
shown on the right axis
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of the variation in topsoil pH (inclusive of hydrogen-ion
concentration) and between 4 and 27% of the variation in
topsoil moisture. The strongest associations between LSD
and topsoil pH and moisture were found in the loose OS-I
stand (R2 between 12 and 29%). Combining LSD and
canopy openness as independent variables exerted a neg-
ligible effect on the percentage of the explained variation
in topsoil properties.
The rate at which the O horizon thickness increased with
increasing LSD was comparable in the OS-I and MS stands
(0.02 cm per 1 LSD unit) but lower in the OS-II stand
(0.01 cm per 1 LSD unit, Table 4). However, although
increasing LSD had a similar effect on the pH in the A and
AB horizons in all stands, it was linked to a decreasing pH
most clearly in the MS stand (0.005 pH unit per 1 LSD
unit) and most slowly in the dense OS-II stand (0.002 pH
unit per 1 LSD unit). In contrast, increasing LSD exerted a
stronger effect on the topsoil moisture of the A horizon
than on the AB horizon (Table 4).
The data from the MS stand enabled investigation of the
relations between the locations of removed trees and the
topsoil variables. Although the approximated basal area of
the removed trees was considerable and accounted for 90%
of the basal area of live trees (25 and 65% for the decay
classes A and B, respectively), the relations between the
location of the stumps and the topsoil variables were very
weak and statistically insignificant (results not illustrated).
One exception was the negative association between the
Fig. 4 Spatial correlograms of
the soil variables analysed. The
blackened marks denote
significant values at a corrected
level of 0.05/10 = 0.005
Fig. 5 Differences between volumetric water content in the centres
of small gaps (ca 50 m2 in area) and in the proximity of neighbouring
firs. Measurements registered at the same locations between 1 May
and 30 September 2007
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LSD calculated for old stumps or their remnants in
advanced decay (the decay class B) and the AB horizon
moisture (r = -0.21, P = 0.02). Combining live trees and
remnants (from decay class B) of fallen trees as indepen-
dent variables in one model resulted in an increase in the
adjusted R2 from 0.10 to 0.13.
Discussion
Spatial variation in topsoil properties
The spatial variation in the physical, chemical and bio-
logical properties of soils is a natural feature attributable to
a set of factors that show variation on different spatial
scales and are governed by several inter-related processes.
Bruckner et al. (1999), in a study of a very dense 40-year-
old Norway spruce monoculture (1,400 stems per ha),
identified three different scales of spatial variability of
N-mineralisation, water content and pH in the ectohumus
layer (0–10 cm). First, they found a fine-scale pattern with
ranges of \1 m that they attributed to retarded decompo-
sition, poor chemical and structural diversity of litter and
the absence of bioturbatic activity by earthworms. Second,
they identified a mesoscale pattern that probably resulted
from the influence of regularly spaced tree individuals.
Third, they observed unexplained long-range trends that,
however, induced much less variation in water content and
pH than the fine-scale and mesoscale effects. The largest
contribution of small-scale variation (below 5 m) in volu-
metric water content both in drying and rewetting periods
was also reported by Schume et al. (2003) for a 70-year-old
beech-spruce forest (988 stems/ha) growing on stagnic
cambisol. At the comparable spatial scale, large variability
of the soil organic carbon stock was reported also by Liski
(1995) in a boreal forest, Scho¨ning et al. (2006) in a beech
forest and Spielvogel et al. (2010) in a montane spruce
forests.
In general, these conclusions are concordant with the
results of our study, which indicate a dominant (65–100%)
contribution of the variation in scales \5 m and a much
lesser contribution (0–35%) of mesoscale variation. How-
ever, contrary to Bruckner et al.’s research (1999), the
stands we studied evidenced no periodicity in the spatial
pattern of topsoil properties, possibly because of the close–
random tree distribution. It seems that the influence of trees
might contribute markedly to the variation at a scale which
corresponds to the distances between stems and the centres
of inter-crown openings, i.e., below 5 m (at larger scales,
the spatial correlation in canopy openness disappeared).
Nevertheless, groups of more closely growing trees or
small gaps which usually appear at random tree patterning
also have some partitioning in mesoscale gradient
formation.
The spatial dependence tended to be stronger in the
multi-layered MS stand and loosely stocked OS-I stand
than in the densely stocked OS-II stand, which might
indicate some association between forest structures or stem
density and spatial topsoil variation. This observation,
however, must be treated carefully because our experi-
mental design did not consider replicates of these factors.
Likewise, because the major sources of the spatial variation
remain unidentified, the differences in variation of soil
variables on the intra-stand level are similarly difficult to
interpret.
Effect of local stem density on humus layer thickness
On the intra-stand level, the humus layer depth may be
influenced by pedogenic memory, micro-topography, litter
fall and decomposition rate. Apparently, the three latter
factors may be somewhat associated with the spatial dis-
tribution of trees. For instance, Hirabuki (1991) found a
positive relation between tree litter fall and patchy canopy
structure in a mixed forest, while Penne et al. (2010) in a
55-year-old pine stand (650 stems per ha) found that the
Table 3 Correlations between canopy openness (openness), local
stand density (LSD) and topsoil properties
Characteristics OS-I OS-II MS
Sample size 242 256 265
O horizon depth
Openness -0.18 -0.28** -0.25**
LSD 0.33*** 0.17 0.41***
A horizon pH
Openness 0.34*** 0.27** 0.28**
LSD -0.47*** -0.27** -0.39***
A horizon H concentration
Openness -0.34*** -0.27 -0.30**
LSD 0.48*** 0.30*** 0.37***
AB horizon pH
Openness 0.26** 0.25** 0.27**
LSD -0.54*** -0.3*** -0.32**
AB horizon H concentration
Openness -0.26** -0.25 -0.27**
LSD 0.52*** 0.27** 0.44***
A horizon moisture
Openness 0.44*** ***0.39 **0.28
LSD -0.35*** -0.20* -0.35***
AB horizon moisture
Openness 0.46*** 0.20* 0.29
LSD -0.52*** -0.12 -0.32**
Note significance at the 0.05, 0.01 and 0.001 level is denoted by *, **,
***, respectively
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needle litter fall was significantly higher directly under the
tree crowns compared with the areas without direct canopy
cover. Organic matter accumulation also depends on
decomposition rate, which, besides tree species-dependent
characteristics like hardness, morphology, lignin/N ratio,
foliage longevity, and hydrosoluble component content
(e.g., Aber et al. 1990; Harmon et al. 1990; Scott and
Binkley 1997), might be also influenced by micro-site
characteristics like biological activity and substrate mois-
ture and temperature (Bauhus 1996; Scharenbroch and
Bockheim 2007). In addition, reduced pH can negatively
influence litter decomposition (Berg 1986) by affecting the
abundance of soil animals (saprotrophic micro-organisms),
mycorrhiza density and litter chemistry. Thus, distance
from the trees, and more general, local stand density,
possibly exerts influence on organic matter accumulation.
This relation was confirmed by Liski (1995) who found
a thicker F and H layers and higher C density within 1–3 m
radius from Pinus sylvestris trees. Similarly, Bens et al.
(2006) found significantly higher O layer thickness around
pine trees in stands with advanced age. Penne et al. (2010)
indicated on a tendency to higher carbon stocks under tree
crowns, especially in the F layer, and attributed this rela-
tion to variation in needle litter fall. Staelens et al. (2003)
concluded that the distribution of leaf and needle litter of
isolated trees (different species and age classes) follow
negative exponential functions with distance from the trees.
However, in some studies carried out in deciduous or
mixed forests (Riha et al. 1986; Scho¨ning et al. 2006) or at
inclined sites with a pronounced small-scale relief
(Spielvogel et al. 2010), no spatial correlation was found
between the distance to the nearest tree and the magnitude
of the soil organic carbon stock in the forest floor.
Although in all stands studied here, a considerable
variation in organic horizon depth was found and a sig-
nificant positive relation observed between organic horizon
depth and local configuration of trees, the contribution of
this latter factor to the variation in ectohumus layer was
little, only about 3–17%. As exemplified in the MS stand,
this relatively low prediction level might not be increased
by taking into account the stump locations of trees fallen a
few decades ago, probably because of the accelerated
Fig. 6 Relationships between local stand density (LSD) and selected topsoil properties in the O–I, O-II and MS stands (from left to right)
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decomposition of forest floor organic matter after gap
creation.
Effect of local stem density on topsoil pH
In our study, most particularly in the loose OS-I and MS
stands, tree distribution pattern contributed markedly to the
variation in topsoil pH. Depending on the stand and soil
horizon, this variable explained 22–29% of the total vari-
ation in pH. Although the soil pH increased with depth, the
slope coefficients of the regressions between the local stand
density and the pH in both mineral horizons were compa-
rable, suggesting that the impact of the trees may be
observable up to at least a depth of 15–20 cm. This finding
may seem surprising given the claim by many authors that
alterations are confined to the uppermost soil horizons
(Maciaszek et al. 2000; Ritter et al. 2002; Rothe et al. 2002;
Hagen-Thorn et al. 2004). Admittedly, the highest slope
coefficient was found in the multi-layered MS stand, so it
may be due to the higher age of the largest trees in this
stand (140–160 years) and a longer period of uninterrupted
impact. However, because we found no evidence for the
influence of the neighbourhood of older stumps on topsoil
pH, such an impact is probably rapidly overlapped.
Earlier studies have also reported reduced pH in the
vicinity of tree stems, especially coniferous species (Zinke
1962; Boettcher and Kalisz 1990; Pallant and Riha 1990).
This effect probably has several origins (Augusto et al.
2002): the capacity to intercept atmospheric deposition that
is potentially acidic, the acidity of litter, the number of
protons released after tree uptake of cations, the higher
amounts of acids with lower pK released under some tree
species and the modification of soil micro-climate.
Effect of local stem density on topsoil moisture
The topsoil moisture was negatively associated with stand
density as expressed by local stand density index and
canopy openness, although this effect diminished in lower
soil horizons. This influence could result from reduced
water input due to interception in the crowns, the buffering
of mineral soil from large amounts of summer rainfall by
organic layers (Leuschner 2002) or water extraction by tree
roots (Schume et al. 2003). In fact, a positive correlation
between interception rates and stand density has been
documented repeatedly (Raat et al. 2002). For instance,
Olszewski (1984) and Kozłowski (2003) found that the
highest through fall in conifer and mixed stands occurred
under crown edges and the lowest near the stem, with
average differences amounting to over 100% of direct
precipitation.
Most particularly, the monitoring of topsoil moisture
showed that although the lower topsoil moisture in the
neighbourhood of the stems was maintained over the whole
growing season independently from precipitation, the dif-
ferences deepened in drying periods. Such increasing var-
iation in topsoil (0–30 cm) water content during drying
periods also emerged from Schume et al.’s (2003) exten-
sive data on beech-spruce forest on stagnic cambisol
developed from Flysch sediments, although the differences
were rather small (CV 0.12 for volumetric water content
20.3% and 0.09 for 33.0, respectively). More specifically,
Schume et al. (2003) reported an erratic pattern of water
content after high intensity rainfall on dry soil, which they
attributed to a macro-pore system usually found in soils
with a high clay content capable of randomly distributing
water over longer distances. Because the topsoil moisture
displays spatiotemporal variation dependent on drying and
rewetting history, the predictive value of stand density as
determined in our study (in which the best stand-level
predictors might explain up to 12–27%) is a very rough
approximation.
Other sources of soil variability
The impact of trees might explain only a minor part of the
total variation in the topsoil properties analysed. Potential
contributory factors to the unexplained variation are
pedogenic memory (pits and mounds of snow- and
Table 4 Slope coefficients for the regressions between the local
stand density (LSD) and soil characteristics
Characteristics OS-I OS-II MS
O horizon depth
Slope 0.023 0.011 0.023
SE 0.0049 0.0038 0.0031
A horizon pH
Slope -0.003 -0.002 -0.005
SE 0.0004 0.0004 0.0007
A horizon H concentration
Slope 5.2 9 10-6 2.1 9 10-6 2.1 9 10-6
SE 1.1 9 10-6 4.3 9 10-7 3.2 9 10-7
AB horizon pH
Slope -0.004 -0.002 -0.005
SE 0.0005 0.0004 0.0009
AB horizon H concentration
Slope 2.9 9 10-6 1.1 9 10-6 8.9 9 10-5
SE 3.2 9 10-7 2.7 9 10-7 8.2 9 10-7
A horizon moisture
Slope -0.31 -0.13 -0.14
SE 0.062 0.041 0.024
AB horizon moisture
Slope -0.16 -0.03 -0.07
SE 0.020 0.018 0.013
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windthrows, enrichment in organic matter from coarse
woody debris), micro-relief and fine-scale variation in
mineral soil texture and measurement errors. It might also
be expected that, because of small-scale soil erosion and
accumulation processes, organic layer thickness would be
smaller on crests but higher in depressions or in the pres-
ence of hindrances like coarse woody debris, protruding
roots or stony materials (Mueller and Pierce 2003;
Spielvogel et al. 2010). Increased organic carbon stocks in
such patches would affect other soil properties, including
acidity and water storage capacity. However, although, on
slopes tree stems and stumps may catch flowing-down
organic matter and thus likely to increase variation in slope
direction, in the MS stand growing on an inclined site, we
found no evidence of directional differences in the O
horizon thickness. Possibly such differences may admit-
tedly occur at smaller spatial scales than the grid spacing
used in our research. However, in the MS stand, small-
scale variation in the topsoil pH tended to be lower on the
slope line than in the perpendicular direction. This effect
may be attributable to a dominant down-slope direction of
surface flow and percolation.
Nor can we substantiate any stronger relation between
stump location and topsoil pH. Surprisingly, association of
that variable with the AB horizon moisture was also neg-
ative, although, in the neighbourhood of decaying stumps,
increased amounts of accumulated organic carbon, min-
eral-bound dissolved organic carbon and concomitant
lower pH and higher water content might be expected
(Auerswald and Weigand 1996; Spielvogel et al. 2010).
Such effects, however, may only be discernible at small
distances between the sampling point and woody debris or
coarse decomposing roots. Additionally, the lower mois-
ture of the AB horizon in the neighbourhood of the stumps
could result from a denser canopy in such patches, which at
present consist of the crowns of trees from a lower stand
layer that has been intentionally released by cutting.
Another study has provided evidence of a positive spatial
dependence between the stumps and clumps of smaller
trees, including those in the MS stand (Paluch 2006).
Conclusions
Unlike most prior research, which compares closed stands
with large gaps or clear-cuts, this study investigated three
stands of different stand density and vertical structure but a
random distribution pattern of trees. In all stands, irre-
spective of density and vertical structure, local stand den-
sity correlated positively with ectohumus layer thickness
and negatively with upper soil pH and moisture. The var-
iation in local stand density provided maximal explanation
up to 17% of the total variation in organic horizon
thickness, up to 22–29% in topsoil pH (depending on the
horizon) and up to 19–27% in topsoil moisture, although on
the single-stand level, these amounts differed considerably.
Because this present research used a simple yet probably
sub-optimal way of expressing stand density, it remains an
open question whether using more sophisticated predictors,
e.g., those that take into account non-additive effects,
might enhance the predictive power of data on the spatial
pattern of trees or local canopy density. Nevertheless, our
study does provide an illustration that, even given a rather
wide spectrum of stand densities and structures, tree
neighbourhood and small-scale variation in canopy density
may contribute significantly to topsoil heterogeneity. For
silvicultural practice, our results indicate that in Abies alba
stands under shelterwood or individual selection systems
over-dispersion of regeneration density at a scale corre-
sponding with crown widths may be a natural phenomenon
attributable to spatial topsoil variation and tree patterning.
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